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ABSTRACT

This program is concerned with evaluating a new storable

liquid oxidizer INTO, which iq nitrogen tetroxide (NTO)

inhibited with , fluorine oxidizer. The best fluorine

oxidizer has been found to be FNO,2.

Storability tests of INTO in stainless-steel, aluminum,

and nickel containers at 70 C have nov been in progress

for 6 -onths with no apparent change in the composition

of the propellants.

Corrosion tests of steel and aluminum alloys are being

conducted in wet NrO, dry NTO, INTO made from wet NTO,

INTO made from dry NTO, and dry NTO + I1F. The tests are

being conducted at ambient temperature for 30 days and

for 20 months, and at 70 C for 30 days. The results of

the 30-0ay tests are reported herein. A definite pass-

a ivation layer was noted both visually and by weight change

on the aluminum samples exposed to INTO at both tempera-

tures and on the iron samples exposed to INTO and to NrTO

+ 1iW at 70 C.

IN'TO made from wet and dry NTO has been intermittently

flowed through 25- and 100-pound valves for a 2 week period

with no apparent deterrnt effects upon valve performance.

INTO has been prepared by )ubbling F,, through liquid-

propellant-grade NTO at ambient temperature. The reaction

proceeded smoothly and no difficulties are anticipated in

scaling up the operation.
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The :-onducti-' t'ex of INTO and NTO solutions have ),)en

measuied. The u"Ii.1on of FNO., or F 3NO to NTO caused only

a small chdnge in conductivity, It is not anticiphted

that INTO viii present more galvanic corrosion problems

than does NTO.

Measurements of the vapor pressures and freezing points of

INTO solutions have been completed.

Methods have been developed for the chemical analysis of

INTO and of NTO.
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IWTRMUCTI ON I,

Nitrogen tetroxide (K'TU) i% this country's most widely used liquid oxidizer.

Corrosivity has greatly complicated the use of this propellant. Dry MNO

is not a highly corrosive liquid, but moist M is extremely corrosive

because of the formst~mn of nitric and nitrcus acids by the reaction of

NTO with water. This moisture problem is the reason for the rigid and

difficuIlt-to-waintain ai ilitary specification P-26539B (99.50-percent min-

inum WN20, 0.10-percent maxiam H120 equivalent). Because up to 1 percevet

of water does not affect performince, the only reason for the highly re-

strictive 0.1-percent water equivalent requirement is to redvr corrosivity.

It has been assumed that nitrogen tetroxide presents no serious storage

cr handling problem when stored and transferred in clean, air-•iibt,

moisture-free systems, and handled 6y tivined personnel. This assumption

has proved mitleading for operational purposes.

SThe manifestation of corrosion effects has brought to light the moist .N70

problem. In addition to causing material failares, the reaction# u' the

moist oxidizer with the environment also lead to erosion phenounwa. Be-

cause of the corrosion of container materials, a solid phase is often in-

trodured into the system. The mechavical movement of this volid tauses

cloggeO filters, flow decay rate. it owtering equipment. intermittent

irregularities, &nd unexpected residue ai;.roavrr. Also, premature hard-

were failures, surreptitiocs leaks, and sporadic wea, ;ening of the auzili-

ary equipment have sourtimps occurred because of % rapid, localized attack

such as pitting and intergranular invasion of the nitrate Ore"ios.

Briefly, XT0 rta#*'- with amisturv to form iM I and 00,. The lNoKW2 then

reat to further to form water and N% 0 The M0W reacts with valve' 'and

container swterisis t6 form %.,ll- nitrate, water. aod XO or %.,0. 7ht

';- then reacts with more .- •O to reform IMd V he net tswult it S. cat..-

lytic nitration of the =&trials of co..zuction, with an inctease As N .
but no decrease in the IMO content of the X!iO. That is, the aelation,

- ,



wben nitrating the vail, loses none of its corrusivity aidit result of the

reintroduction of water into the system. The sequence of reactions can

be snmarized as follows:

INO , UK (j)

2 N o2 (2)

- 22

810.53 " Val I W3 "wall '" N -6 N1,0O - 161VH (1)

The care necessary to guarantee the integrity of a totally water-free Prs-

toe in often too rigorous to be practical.

Late in the sumner of 1961. Rocketd-ne developed the concept of INTO,

which is \7'0O to which a fluorine oxidizer has been added. It unto demon-

strated by nuclear magnetic resunance (n.u.r. ) and Turner bulb watser equi-

valent analysis, that the \TO was purged or water by the reart iti of

fluorine oxidizers with the nitric arid present. One of the prdurts of

this reaction wao definitely demonstrated to be III. The tecintral puii-

tiom at that time was one in which it was known that (I) drv \TO Is not

highly corrosive. (2) wet \it) is hig~hI. corrosive, and (3) IN"O rcnsists

of dried %"M vith & f rluurte oxidizer and fiF present. IRFNA (RJ\A with

WO addedi is less rorrosire towards st•w alloys than is pure R10%u. lI

anoloCr. it was predicted that INT¶O should be less corro:ive thtan wet WrO.

As a consequence of the experimental results amsnriud previoul•'. thb

preivat program was initiated. The objectives of the proram are (1) to

choose a suitable fluorine oxidizer to make IN.%11.() to msk an engineer-

iag evaluation of the corrosion properties and storability of the propel-

last. (1) to detpranne some of its basic physical and chemical pipperitem.

and (4) to develop methods for it. complete chemical asl.'sp21.

2



PHASE I: INGINEE1LING EVALUATION

STOMABILIT'Y

Summary

One of the primary purposes of the INTO program has been to select the

most suitable fluorine oxidizer to add to NTO. Both F3 NO and FNMO seemed

likely candidates because: (1) either would react with 11N0 3 , (2) neither

should affect the propellant properties, and (3) both would allow a high

proportion of fluorine loading for a relatively small increase in vapor

pressure. As a result of the storability tests described below, F_3.NO

was eliminated as a possible additive because it was found that it would

react with N2 0 to form FN02'

Experimental

NTO + F_N0 was tested for storability and constituents compatibility in

6061 aluminum, 1018 carbon steel, 321 stainless steel, and nickel con-

tainers at ambient temperatures, 53 and 70 C. The tests were carried out

under two conditions of bomb prepassivation: (1) mild, using F3 N at 70 C

overnight, and (2) vigorous, using CIF3 at 70 C overnight. The bombs had

a capacity of 8 to 10 milliliters and each was loaded with 4l to 6 grams

of a Ii.9-percent F3NO in NTO mixture.

The samples were analyzed by infrared spectrometry and gas chromatography

both immediately after loading and after appropriate time periods. The

data are summarized in Tables 1 through 3

An examination of the analytical data immediately reveals that the compo-

nents of the NTO-F3 NO mixture are not compatible at elevated temperatures.

As a result, emphasia on the program has been shifted exclusively to NTO

+FNO02.

3
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Because NTO + FNO was formed by the reaction of F.NO with NTO, the com-

patibility tests originally started with NTO +F 3NO were continued using

the same solutions in the same bombs. The data from these tests are
also contained in Table I through 3 . These results indicate that NTO

+ FNO2 is storable at elevated temperatures, in sufficiently passivated
containers, for at least 6 months (45 days at 53 C and the remaining time

at 70 C).

At the end of 6 months, the NTO + FNO2 solution in the storability bombs

had been completely used up by sampling for chemical analysis. The bombs
were reloaded with a fresh NTO + FNO2 solution and were returned to stor-

age at 70 C. The storability tests are being continued and the contents
of the bombs will be periodically analyzed.

CORROSION TESTS

Summary

The primary purpose of replacing NTO with INTO is to eliminate corrosion

in field-use systems, or at least to reduce it to acceptable limits.

Evaluation of improvements must be based on studies of the corrosive

effects of INTO compared to the corrosive effects of NTO on the materials

of construction used in propellant-handling systems. A limited series

of screening tests were performed to evaluate the efficiency of the

inhibitor.

An inspection of the materials in the Titan II engine system showed that

an extremely large number of alloys and other materials are required for

even this single applicatiou. It was far beyond the scope of this effort

to evaluate the corrosion resistance of all of these materials to INTO.

Instead, representative materials were selected for testing. These ma-

terials are presented in Table 4.

7



TABLE 4

MATERIALS SUBJFETEh TO CORROSIVITY TESTING

Group I Group II Group III
Iron Alloys Aluminum Alloys Nonmetals

304 Stainless Steel 6061-T6 Kel-F

316 Stainless Steel 7075-T73 Kynar

321 Stainless Steel Tens 50 Butyl Rubber

AM350 SCT 2014-T6 Teflon

440C Stainless Steel 2024 Viton A

Welded specimens of Welded specimens of
all the above 6061, Tens 50 and201O

Because the investigation is basically comparative in nature, specimens

were exposed to five different propellant compositions. These are:

1. Dry N2011 (military specification, less than 0.10 weight percent

H20 equivalent and a minimum 99.5-percent assay)

2. Wet N2 0, (>0.1 weight percent H20 equivalent)

3. Dry N.00 plus approximately 3.0 weight percent FN0 2 ("dry INTO")

4. let N2 0 plus approximately 3.0 weight percent FN02 ("wet INTO")

5. Dry N2011 plus approximately 0.5 weight percent 11F

These compositions broadly cover the conditions that could be expected

in actual operations. The fifth composition is included to check the

effect of the major reaction product between the additive and water in

the absence of either of these materials. Four series of tests were

conducted: 30-days exposure at ambient temperature, 30-days exposure at

70 C, 20-months exposure at adw:ient temperature, and 7-days exposure at

ambient temperature (nonmetals only).

'I ____ ________________________



At the start of the program, F waq to be used as the inhibiting agent.

As a result of the storability tests described supra, it was discovered

that the F3 NO-NTO system was not stable and reacted to form FNO2. It was

subsequently shown that FNO is as effective as F NO in reducing the water2 3
content of moist N2ý'O, and therefore FNO2 was substituted for F NO as the

in progress. The discussion and conclusions of this report are based only

on data obtained from short-term (30-day) co-rosion tests. At the end of

the 20-month testing period, a supplementary report will be published,

Results of the 30-day tests have been promising. NTO with FN0 added
2

forms a white passivation layer on aluminum aJloys, both at ambient tem-

perature and at 70 C. Control tests show that this layer is not caused

by HF in solution. No passive layer is vis.ble when ferrous alloys are

exposed to FNOA but a green passive layer forms at 70 C because of HIF in

solution. Aluminum alloys are passivated by HF but only significantly so

(visually apparent) at elevated temperatures. Aluminum is more heavily

passivated by FNO2 than by HIF. In all cases, the FNO2 passivation layers

disappeared faster than the ItF passivation layers when exposed to the

atmosphere. The 304L, 316, and 321 stainless steel alloys and the 2014

and 2024 aluminum alloys appeared to be the most desirable of the alloys

tested.

Procedures

Preparation of Specimens and Test Cylinders. The testing procedure was

designed so that both welded and nonwelded specimens would be exposed to

both the liquid and vapor phases of the propellant compositions. Materials

were testad by exposing small disks (approximately I,/16-inch thick and

7/8-inch diameter) to the propellants. These disks were strung on rods

and were separated by Teflon spacers. The spacers minimized interaction

between individual specimens and ensured free penetration of the propel-

lant to the surface of the specimens. Kel-F disks were placed between

specimens to catch any residue that might have fallen off the surface of

9



the specimens during testing. For material uniformity aluminum specimens

were strung on aluminum rods, ferrous specimens on stainless steel rods,

and nonmetallic specimens on Teflon rods. Tests were conducted in stain-

less steel and aluminum cylinders which were capped on one end and valved

on the other eid (Fig. 1 ). Steel valves were used on the iron test bombs,

and aluminum valves were used on the aluminum test bombs.

Uniformity of specimens of each material was assured by cutting a suffic-

lent number of specimens to perform all tests from a single piece of stock.

"Any heat treatment, cleaning, or other preparatory operations were per-

formed on the original stock before cutting the specimens. All specimens

were cleaned with a soap solution, rinsed with water and acetone and

weighed before testing. Each specimen was also stamped with a number and

a letter designating the test condition and al•.oy, respectively.

The test bombs, valves, and fittings were vapor degreased, washed with

soap and water, and rinsed with water, trichloroethylene, and acetone.

Valves were completely disassembled for cleaning and reassembled using

Fluorolube as a lubricant on the valve stem assemblies.

Preparation of Propellant Solutions. Individual solutions were prepared

by drying commercial NTo and then adding known amounts of the desired

additives. Water content was determined by nuclear magnetic resonance

'(NMR) analysis and by aluminum Turner bulb analysis. HF and FNO2 contents

wsre determined by infrared spectroscopy.

Loading. The propellant was loaded into the test bombs in a closed trans-

fer system (on a vacuum line). With reference to Fig. 2, a typical trans-

fer was carrier out as follows: The space between valve No. 1 and 2 was
evacuated, valve No. 2 was closed, and valve No. 1 was opened. With valves

No. 3, 4, and 5 open, the test bomb and loading assembly were evacuated.

Valve No. 4 was closed, and the loading assembly was pumped down to a

vacuum of approximately 10-3 torr. Valve No. 3 was closed and valve No. 4

was opened so that the test bomb was also pumped down to a high vacuum.

Valve No. 2 was opened and the loading assembly was allowed to fill for

10
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Figure 1. 30-Day and 20-Month Test Specimens and Bombs
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m minutes. After the loading assembly was filled, valves No. 2 and 5 were

closed, isolating the loading system from the vacuum system and propellant

reservoir. Valve No. 3 was then opened and the transfer was carried out

rot approximately 10 minutes. During the transfer, the DewaL flask was

filled with liquid taitrogen to bring the test bomb temperature do-n to

-i9b C. Upon completion of the transfer, valves No. 3 and •4 were closed

and the bomb was removed from the loading system. The bomb was then

weighe4 to verify transfer of a 65 milliliter volume. Smaller bombs and

a smaler loading assembly were used for the nonnietal samples.

Testing,. All bombs were stored in an inverted (valve down) position. t

The ambient and high-temperature bombs were stored in an outdoor bay at

the Rocketdyne Canoga Park facility. The high-temperature bombs were

stored in an oven at 70 ±3 C. Periodic samples were taken of the liquid

contents of all bombs containing IIF or FNO2 on a vacuum line, to which a

gas sampling cellwas attached, as follows: The test bomb was attached to

the line in an inverted position. The sampling system was evacuated and

then passivated with pure FNO2. After evacuating the FN•0, from the sys-

tem, the valve on the test bomb was barely opened expanding a liquid

samipi to the gas phase in the sanpling system. At the desired pressure,

(200 ma of Hg) the test bomb valve was closed and the infrared cr near

infr- red sample cell was shut off and removed from the system and analyzed

as described in the Phase I1 section of this report.

E'valuation of Tests. All corrosion tests were evaluated in the same ower

to ensure a comman basis of comparison. An overall observation of the

%pecimens, including the taking of color photographs, vas made imediately
upon removal from the test bombs. The alloys which had been obviously

affected by exposure to t1,e oxidizer were noted. For the nonmetallic

samples, visual observations were made for swelling, dissolution, and

cracking. Weights of each specimen were then taken to determine the ab-

solute and percent weight change. The metallic specimens were then photo-

micrographed at 15X magnification. Observations on the surface condition

of the specimens were made by a comparison of the photomicrograph of the

13
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z-•Pod speci.me to a peotomicrograph of a control specimen. Photomicro-

graphs of two ferrous and two alminum alloys with controls are presented

in Fig. A-1 through A-12 of Appendix A.

Fr the mnoutallic specimens, NTO continued to evaporate long after re-

naval from the test bomb, therefore weights were taken after 72 hours and

240 hv.a&t:.

SUnloadiw of Test Donb. Unloading procedures were designed to preserve

the condition of the specimens as they wore upon rewoval from the teet

bombs. The nonmetallic samples were removed and analyzed in the atmos-

phere. After dmupiag the liquid from the bomb, the sample, were removed

f rom the bomb, removed from the TeflIon r- and allIoved to dry on a tray.

Observations were made on the samples, and they were then veighed after

72 and 240 hbors.

The ir'tial unloading procedure for the metallic specimen tests was used

for the ambient temperature, wet, and dry NTO tests. After dumping the

liquid from the test bombs, the specimen strings were rapidly placed in

"a glove bag (portable plastic bag with attached gloves) through which a

dry gaseous nitrogen purge was run. hben the strings of coupons no loager

showed signs of degassing NTO, they were removed fain the glove bag and

given three rinses: methanol. 50-percent methanol/50-percomt vater, and

water. The purpose of the rinses was to remove any residual nitric acid

which would continue to corrode the specimens. The specimens were then

removed from the ruds, blotted dry, photographed, and weighed.

The procedure was modified for the removal of the aluminum specimens from

the ambient temperature. dry WTO test bob. lModifications were made to

preserve the papssivation layer. After dumping the liquid, a dry gaseous

nitrogen purge -as run through the bomb. The bomb with the specimen

string inside was placed in the glove bag where the apeciveno were thec

removed from the rod. The specimens had a thin white passivation layer.

One specimen was removed and weighod. It appeared to be losing weight.

14



After approximately ].5-bourt e:poqure to the atmosphere, the layer dis-

appeared. After flh hours in the glove bag, the remaining samp!es sbhowed

significant passivation layer loss. It was apparent that a more inert

atmosphere than thut available in the glove bag was required for preserv-

ing the passivation layers.

All tests subsequent to the aluminum alloys in dry I,'TO were opened in

a dry box purged by a moisture-free gaseous nitrogen. The dry box is

approximately 4 by 3 by 3 feet with an antechamber which enables hard-

ware to be placed into .m-e removed from the box while maintaininM an in-

ert atmosphere. A Mettler balance was placed in the box ennblin?, tl'e

weighings to be made in an inert atmosphere. The only work condacted

in the atmosphere was the dumping of the liquid, the gaseous nitrogen

purging of the INTO test bombs, the rinsing of the NTO test samples, and

th~e photographing of the specimens. All weighing and removal of the

samples from the rods vas conducted in the dry box. An attempt was made

to preserve the passivation layers by sealiJag the specimens in Saran

Wrap packets upon removal from the dry box. This preservation techniqae

was sucessful in some cases and inadequate in others. This unloading

procedure proved satisfactory for all tests.

Test Results

Nonmetal Tests. Seven-day nonmetal" compatibility tests based on weight

change and visual observations were carried out in NTO, NTO + F 'JO, and

.JTO + FNO%. These tests were conducted identically to the metals tests

except for the preparation of the Ni") + WO., test bomb. The stainless

steel bomb used in the NTO - FNO, test was prepassrivated with an N'TO '

INO, solution containing 3.0 aml; percent FNO,). The solution remained

in the bomb for 21. hours at 23 C.

The liquid and vapor phase specimens appeared to be identically affected

during both the NT) - F and NO tests (Fig. A-13). Kel-F. Kvnenr, and

Teflon appeared unaffected except for color changes. The Viton A cracked

15



in both NTO and NTO + F NO. Butyl rubber was completely dissolved in

NTO F 3NO and seemingly unaffected by NTO. The F3 NO in the NTO was not
completely destroyed by the reaction with the butyl rubber.

The results of the NTO + FNO02 test were markedly different from those of

the NTO + F.NO test (Fig. A-14). Kel-F, Teflon and Kynar again appeared)

unaffected by either NTO or NTO + FNO0 except for color change and a very

slight surface softening. The Viton A exposed to both NTO and NTO + M-09

exhibited extreme swelling (nearly tWice the original size) as observed

upon r'emoval from the test bombs. After exposure to the atmosphere for

30 minutes, the specimens reduced in size to approximately one and one-

tenth the original size. There was some secitting around the inside dia-

meter of the specimens exposed to the liquid phase of both the NTO and

the NTO + FWO.. The Viton A exposed to liquid phase NTO + FNO, had

approximately one-fourth the resiliency of the control specimen compared

to approximately three fourths for the specimen exposed to the liquid

phase NTO. In addition, the Viton A specimen exposed to liquid phase NTO

+ FNO02 was the only specimen which lost weight.

Although the butyl rubber also exhibited extreme swelling as observed

immediately upon removal from the bomb, the swelling was not as great as

that or the Viton A, and there was no cracking. After exposure to the

atmosphere for 30 minutes, the specimens returned to their original size.

The weight changes of the specimens, along with observations, are pre-

sented in Tables A-i and A-2.

In summation, there was considerably less reaction between the nonmetals

and NTO + KW(, than between the nonmetals and NTO +F3NO. There was little

reaction between NTO + FNO0, and the butyl rubber, whereas the NTO + F3 NO

dissolved nearly all of the butyl rubber. The amount of remaining in-

hibit ar was also greater in the NTO + F,"NO0 test. Pretest FNO0 content

was 3.0 mole percent (in the supply bomb) and posttest FN0 2 content was

1.3 mole percent (in the test bomb).
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Wet and Dry \'T0 Tests. The Ferrous and aluminum specimens exposed to wet

and dry %TO appeared, in general, only very slightly corroded if affected

at all. The only two alloys uhich were consistently affected by exposure

were 1018 carbon steel and I44OC stainless steel. Both were slightly dis-

colored upon removal from the ambient test bombs. The 440 showed obvious

flaking in the dry N7O high-temperature test and discoloratiou in the wet

NTO high-temperature test. The welded carbon steel specimens appeared

black in the wet NTO high-temperature test. A sticky surface residue was

apparent on the vapor phase carbon steel specimens in the dry NTO high-

temperature test. Except for some spotting of the wet NTO high-temperature

test specimens, none of the aluminum alloys appeared affected.

A yellow-green powder was observed on the alumium and ferrous alloys in

the ambient tests. Samples of this powdler were taken and analyzed by

emission spectrographic analysis. Results of these analyses are presented

in Table 5 . Because iron is a major constituent even in the residue from

the aluminum test sample, it is believed that the source of the iron is

not from the test bombs but from the container used for storing the NTO

before loading. Several of the other elements are stainless steel con-

stituents. These could come from the test bombs or, more likely (because

they also are present in the aluminum test sample), from the storage

container.

TABLE 5

ENISSION SPECTROGRAPHIC ANALYSES OF NTO TEST RESIDUES

Major Minor 1Minor-Trace Trace

Test Constituents Constituents Constituents Constituents

Dry NTO, Fe -Cr, Al, Si, Zr
30-Day Ambient, Mg, Ni, Mo,
Ferrous Alloys Cu, Ti, Na

Wet NTO, Fe, Cr Ni, Cu -Mn, Ti, Mg,

30-Day Ambient, Zr, Al, Si

Ferrous Alloys

Wet NTO, Fe Cr, Ni, Cu Si Mn, Mg, Zr,

30-Day Ambient, Al

Aluminum Alloys I
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Each specimen was weighed before and after testing. The weight changes

presented in Tables A-3 through A-13are averages based on four samples of

each alloy (one welded and one nonwelded in each the vapor and liquid

phases). The only exceptions to this averaging of four samples are for

"the 2024 and 7075 aluminum alloys (one nonwelded sample in each phase) or

where otherwise noted in the comments.

For the ambient temperature tests (Tables A-3 and A-4), most of the weight

changes are not really significant relative to the probable errors incurred

during handling and reweighing the specimens after the tests.

The weight changes are valid to approximately ±0.0002 grams. This rep-

resents approximately ±0.0009 and ±0.023 weight percent for the ferrous

and the aluminum alloys, respectively. Of the 22 averages in Tables A-3

and A-4, 17 are within this range. There are 8 weight increases and 11

weight decreases which again show a random scatter in the data.

Weight changes are more significant for the high-temperature tests (Tables

A-5 and A-6. The 300-series ferrous alloys in the dry NTO test again

showed insignificant changes. The conditions apparently were still not

severe enough to affect these corrosion resistent alloys. The 440 and

1018 alloys showed weight gains which are consistent with visual observa-

tions (flaky, discolored surface layers). The ferrous alloys in the wet

NTO test showed significant weight losses in all cases. The conditions

were severe enough to bring about a corrosive effect. Except for the

2014i in the dry NTO test, all aluminum specimens in high-temperature NTO

tests exhibited weight losses. Although not all of these weight changes

were of significant magnitude, the direction of the weight changes (losses)

implied a corrosive process in action.

Comments on the surface condition of the specimens made from the compar-

ison of photomicrographs of control and exposed specimens are presented

in Tables A-l14 through A-22. Samples of these photomicrographs are shown

in Fig. A-l through A-12. Because the interpretation of the photomicro-

graphs is inherentiy subjective in nature, observations were made by two

people independ.:ntly, and the comnents made are a compilation of these

t ~I ti
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observations. Althoutgh observations were made on photomicrogrnphs of two

specimens in each phase (except for 2024 and 7075 aluminum), in Tables A-Ili

through A-22, the observations have been presented as vapor and liquid phase

comments. In almost all cases, the welded and nonwelded samples exhibited

the same effect in a given phase. Most of the comments in Tables A-14

through A-17 e;xpress minima] surface attackor no effect at all. These

comments substantiate the minor or insignificant corrosion reflected by

the NTO tests discussed above.

In conclusion, the results of the NITO corrosion tests are as follows. The

conditions in the ambient temperature test were not severe enough to show

corrosive action. Although no large weight losses were evident (none

greater than 1 percent), the weight losses for the aluminum specimen in

the high-temperature tests and the ferrous specimens in the high-temperature

wet NTO test showed a corrosive process in action. It is anticipated that

the 20-month ambient tests will yield data which will confirm the corrosive

trend apparent in the high-temperature tests.

Pry INT0 Tests. The results of the dry INTO (NTO FNO,)) tests with alum-

inum are most promising in that an obvious white passivation layer was

formed on• all specimens for both ambient and high-temperature tests (Fig.

A-15 through A-18). The ferroug specimens showed no visible layers. The

only visible effect with the ferrois specimens was a discoloring of 1018

carbon steel and 440C stainless steel alloys in both the ambient and high-

temperature tests. The ambient, aluminum alloy test was run twice. The

first time the test was run, infrared analysis showed that there was no

FNO02 present in the bomb when it was opened, and the passivation layers

reacted while in the glove bag, yielding no photomicrographs and que.,tiin-

able weight changes. hhen the test was rerun, the unloading ires conducted

in a dry box as discussed above.

The aluminum alloys showed weight increases ranging from 0.7 to 3.6 weight

percent (Tables A-7 through A-9). The layers on 6061 and Tens 50 appeared

very loose relative to the other alloys. The layers on 2014 and 20024

appeared much thinner and more adherent than those on 6061 and Tens 50.
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"The integrity of the 7075 layers fell between that of the 6 061-Tens 50

and the 2014-20"24 layers. Photomicrographs were taken of the aluminum

specimens from the amblent temperature test which was rerun. The layers

on the specimens from the initial ambient test and the high-temperature

test reacted before photomicrographs could be taken. The comments on

the surface condition for the ambient test specimens (Table A-1) support

the observation that the layers on 2014 and 2024 were thinner (and prob-

ably more adherent) than those onthe other alloys.

The ferrous alloys showed weight changes ranging from 0 to plus 1.2 per-

cent (Tables A-7 and A-9). The 304, 316, and 321 alloys showed less of

a weight gain Clan the t,.er alloys i both the ambient and high tempera-

ture tests. For 304, 316, and 321, the weight gains were greater in the

ambient temperature test than the high-temperature test. For AM 350, 4140,

and 1018, the trend was reversed. Observations of the photomicrographs

(Tables A-18 and A-19) showed that these weight increases were caused by

thin surface layers. These layers can be attributed to either the FNO2

in solution or the ]IF in solution formed from the reaction of INO,2 with

the water in the NTO (dry NTO is not completely water-free).

lAll test bombs w'ith dry IlNTO exhibited a decrease in FNO,, concentration

with time. The decrease was caused by passivation of the test bomb and

samples. It is anticipated that during the 20-month tests, the FNIO, con-

centrationt will be constant after complete passivation of the bomb and

samples has occurred. This passivation phenomenon is consistent with the

result,4 obtained in the storability tests discussed in a previous section

of this report.

.Wet IWO Tests. The ;luminum specimens in wet INTO also formed white

Ilassivation layer- (Fig. A-I( and A-20). The layers on the high-temperature

test specimens were much heavier than those of the ambient temperature test.

i.iecially in the case of the high-temperature specimens, the layers on

20)1' and 2021. appeared much more adherent than those on 6061, Tens 50,

anex 70)71. The anbient-teumperature ferrous specimens showed no urhite layers.

The hii¶h-temper•ature ferrous specimens exhibited light green passivation

lavers in the. case or the J-.-series alloys and grey layers in the case
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of the ,0o and 1018 alloys (Fig. A-::I). fle layers on 3041, 316, and 321

were very thinz compare'd to the layers on AM 350. Because the high-
temperature, dry INTO, ferrous specimens did not passivate and the high-

temperature, wet INTO specimens did, it appears that the passivation

layer on the ferrous alloys is not primarily due to FNO2 but to a reac-

tion product of FNO,2 and water, 11F. Furthermore, because the ambient-

temperature specimens did not passivate as did the high-temperature speci-

mens, 11F passivation on the ferrous alloys is significant only at high

temperature in a 30-day test.

The ambient aluminum alloys showed weight increases of 0.8 to 4.6 weight

percent (Table A-10). The high-temperature alloys showed increases of

5.4 to 23.2 weight percent (Gable A-11). As can be seen from the range

of weight changes, the high-temperature specimens did passivate much

more heavily than the ambient specimens. Photomicrographs were taken

for the ambient aluminum specimens but not for the high-temperature speci-

mens (layers reacted before pictures could be taken). Comments on these

photographs (Table A-20) substantiate the observed layers.

The ferrous alloys showed weight increases of 0.02 to 0.15 weight percent

for the ambient-temperature alloys and 0.35 to 1.71 for the high-temperature

alloys (Tables A-10 and A-11). The 304, 316, and 321 specimens showed

less weight gain than the other alloys in both tests. The larger weight

gains for the high-temperature test reflect the observed passivation

layers. The weight increases of the ambient test specimens are signifi-

cant and reflect thin surface layers. These layers were observed on the

photomicrographs as the comments on the pictures confirm (Tables A-19 and

A-2o).

The decrease with time of FN.O,2 concentration was faster in the wet IAWo

bombs than in the dry INTO bombs. FNO,) had to be replenished in 3 of

the 'a tests before the 30-day test period was completed. The reasons

for this rapid dissipation of F.NO., is that FJNO,, not only oust passivate

the bomb and specimens, but it mist also react with the water present.

Passivation is essentially the only reaction in the dry IWTO.
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Dry NTO + F1W Tests. The high-temperature tests exhibited thin passiva-

tion layers, whereas the ambient temperature test specimens were not sig-

nificantly affected. The aluminum specimens exhibited very thin, white

layers (Fig. A-22). The ferrous specimens showed very thin, light green,

passivation layers (except for 44',0) especially in the vapor phase (Fig.

A-23). The 440 specimens exhibited heavy, cracked and peeling, dark

colored layers. The layers on 1018 and AM 350 were heavier than those on

3014, 316, and 321. The only three alloys of the ambient tests which ex-

hibited obvious surface changes are Tens 30 aluminum, 1018 carbon steel,

and 44IO stainless steel. It is significant that the layers formted on the

aluminum specimens are much thinner than those formed on the aluminum

specimens exposed to wet and dry INTO. It is also noteworthy that alumi-

num did not show a passivation layer in the ambient temperature test. In

a 50-day test, it appears that 11F will significantly passivate aluminum

and 1'errous alloys only at elevated temperature.

The ambient-temperature aluminum alloys showed weight increases of 0.04

to 0.12: percent (Table A-12). The high-temperature aluminum alloys showed

increases (if 1.67 to 3.19 weight percent (Table A-05), a marked increase

over the ambient (Iha.t.es due to the greater passivatin. It is noteworthy

that in the high-tenlperLture test, 2014, and 2024 showed the Smallest per-

cent weigiht n-ins. This implies thinnek" (and perhaps more adherent)

layeir: thanl those on the other alloys ais was the case in the INTO solutions.

Coamments onl t ie su'rface condition (Tables A-2-1 and A-22) veyeifv the much

lesser affect of the solutioti on the 2014. aild 202'4 alloys. It should be

noted that the reported weight gains reflect the slight layers observed

on the ad)ient a I umi anum spec inns (Tab l e A-21 ).

The ambient ferrous alloys shm.ed weight gains or o.o3 to 0.22 percent

(Table A-12). The high-temperature alloys exhibited 0. lb to 1.98 percent

wei-ght gains (Table A-I). A\ain, the heavier wei,ghts for the high-

temperature test reflect the heavier passivation layer. The 10',, 116.

atll 5321 alloys showed the sumllest' weight gains in both tests a- was theI cl.4e in thie INTO solutions. The comments on nurrace conditions (Tables

%.-21 and A-22) are in accordance with the visual observations and weig.ht

I cchanr.es.
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Conclusions and Recommendations

The conclusions made below are based on 30-day ambient and high-temperatureL

(70 C) tests. It is assumed that the results of the 20-month tests will

not conflict with the data already obtained. The significant results are

as follows:

1. Wet NTO will corrode aluminum and ferrous alloys at elevated

temperature.

2. FN0I. will passivate aluminum alloys at ambient and at elevated

temperature.

3. IIF will passivate both aluminum ani ferrous alloys but only sig-

nificantly (visually apparent) at elevated temperatures.

4i. FN02 does not significantly passivate ferrous alloys.

5. Passivation layers on aluminum are much heavier with FNO2 than
with IIF

It was apparent that certain aluminum alloys and certain ferrous alloys

withstand far better than the 1018 carbon steel, .440C stainless steel,

and tie •AM-50 SCT alloys. Wherever corrosion was evident, the 30J-series

stainless steels showed smaller weight losses, hence, less attack than the

other alloys. Wherever passivation was evident, the 300-series stainless

steels showed, in general, smaller weight gains (thinner and probably more

adherent layers) than the other alloys. The 1018 carbon steel and 44OC

stainless steel exhibited highly undesirable surface conditions in certain

cases; e.g., high-tetnperature, dry NTO + HF test.

Considering the aluminum alloys, the 201', and 2024. alloys appeared to be

more desirable than the other whenever passivation was evident. The lay-

eri on 20I': am] 202'.h appeared much thinner and much more adherent than

those on the other alloys. The layers on 6061 and Tens 150 often exhibited

a powlery or flaky texture which would be undesirable for use in a system.

Although the layers on 7075 aluminum were not quite as loose as those on

6061 and Tenas 50, the alloy did not appear to be as desirable as either

2401% or 202'4.
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This study is comparative and, hence, subjective in nature. The comments

made above are based ou overall impressions and averages. Individual

specimens could be found which would contradict the conclusions dranm.

It should also be noted that the alloys which appeared most desirable

are only the most desirable of the ones tested. To judge which alloys

would work best vith INTO, a much larger number of alloys would have to

be tested. Before any INTO system is made operational, the particular

alloys to be used must be tested in a study similar to the one conducted.

GALVANIC CORROSION

Summary

System compatibility is dependent on factors beyond the simple corrosive

effects of the propellant on the individual materials of construction.

One of the most important interactions is galvanic corrosion between dis-

similar metals exposed to the propellant. While there is no exact cor-

relation )etween conductivity and galvanic corrosion, the data obtained

here will help determine the necessity of later direct studies, because

more conductive solutions have a larger tendency to exhibit this type of

S.corrosion phenomenon.

Experimental

The electrical conductivity of the following seven propellant mixtures

have been measured.

Conductivity x 1012

Composition ohm-I cm-

Dry .ro ('O.01 weight percent iI2)0) 7

Dry \TO + F .0 (2.0 weight percent) 15

Dry XTO + HF (m. weight percent) 3

Wet NTO (>0.1 weight percent 11,0) 9

Wet N O + F .0 (2.0 weight percent) 4

Dry .NO , FP•., (5 weight percent) 4O

Wet .TO + M.)o (3 weight percent) 34
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The electrical conductivities were measured by a technique used previously

for chlorine pentafluoride (Ref. 1). A Kel-F conductivity cell, equipped

with nickel electrodes was used. An impedance bridge, which measures a

simple equivalent circuit (a resistor anO a capacitor in series), was used

to measure the series impedance and the a-c resistance at 1 kilocycle of

* the cell containing the propellant. From such measurements and the physical

dimensions of the cell, the conductivities of the fluids were calculated.

The conductivity cell was preconditioned by soaking with propellant grade

NTO. A Fluke Model 710B Impedance Bridge (accuracy ±0.1 percent) was used

to make the a-c (1000 cycles) resistance measurements. To improve bridge

sensitivity, cell capacitance was balanced by the addition of external

capacitors. The maximum resistance which can be measured directiy by the

bridge is 11 megohms. Because the resistance of the cell exceeded this

value for all three measurements, the cell resistance was found by measur-

ing the decrease in resistance of a 9.56 megohm (a-c resistcnce) restrictor

when shunvted by the cell. This method becomes less precise at very high

cell resistances.

For example, for a cell resistance of 1000 megohms. the precision is 10

percent. With measurements of exceedingly low conductivities, it is very

difficult to achieve reproducibility to better than an order of magnitude.

Addison, et al. measurements on NTO (Ref. 2), which were carried out with

d-c rather than a-c circuitry, were fairly precise electrically, but the

reproducibility from sample to sample was not precise. Conductivities
aO-12 t 12 I - I

varied from 1 x 10 to 8 X 10 oh- cm . Their method of NTO pre-

paration, the thermal decomposition of Pb(N05 )2, followed by drying over

P)0.51 should have been capable of yielding very high quality NTO.

It was considered unn-cesary to equip the conductivity cell with a therm-o

stat because the temperature coefficient of conductivity of ,TM) was not

great enough to significantly affect the measurements. For example,
12 -1 -1

experimental conductivities found by Addison were 1.71 x 102 ohm cm

at 15.6 C and 2.24 x 10-12 at 20.4 C.
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cell constant of 0.0096 cm was calculated by measuring the conductivity

of a 0.010 N KC1 solution and using a value for its specific conductivity

of 0.00136 ohm-1 cm-1 (Ref. 3).

Conclusions

Because of the low conductivitie3 measured for the INTO solutions, it is

'not anticipated that galvanic corrosion will be more of a problem with

INTO than it is with NTO.

COMOSIVE EFFECTS OF FLOWING INTO

Summa rv

The study to determine the corrosive effects of static and flowing inhibited

nitrogen tetroxide on typical Rocketdyne Small Engines Division(SFD)pro-

pellant valves has been completed. The SE1 propellant valves used for the

study were Gemini-type capsule 2 and 3 design. The test sequence was a

combination of dynamic and static conditions.

The valves -were exposed to the inhibited nitrogen tetroxide for a 14-day

test period at ambient tenperatures, and during the test period the valves

were cycled daily. The daily cycle served first as a check to see if the

valves were operational, and to allow fresh propellant from the reservoir

to flow into and through the valves. Pre- and post-valve functional test

were performed. A posttest disassembly and inspection of the valves was

conducted, as well as pre- and post-analysis of the propellant. Wet and

dry nitrogen tetroxide with the inhibitor (FNO 2 ) were tested.

Test Procedure

Four propellant valves, Gemini-type capsule 2 and 3 design, were selected

as being typical of SFD hardware. These were two 25-pound thrust and

two 100-pound thrust valves (Fig. B-1 through B-4). These particular valves
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were previously research and development valves that were assembled f vr

a controlled decontamination study, but were never used.

The selected valves contained typical fabi'ication materials, close-

tolerance clearances, and had proved their design in prior compatibility

testing with Military Specification nitrogen tetro(.ide. Prior to testing,

the selected propellant valves were p,'ecision Ceea,,ed (Rocketdyne level 4)

and were functionally tested, reflushed with freon TF, and packaged for
t t~~ting.

The experimental setup for the compatibility test wils constructed of stain-

less steel as shown in Fig. R-5 and l1-(. Fach comiponent of ith.( system (;IIIL-
lines, hand valves, etc.) was precision cleaned in the same manner as tlhe

valves. After assembly of the experimental setup, and prior to instal la-

tion of the propellant valves, the system was flushed with freon TF to

ensure that the system had not been contaminated (luring assembly. Whlen

the cleanliness of the system had been reassured, the propellant valves

were installed and tested as follows.

Two of the four valves (i.e., one 25-pound thrust valve and one 100-pound

thrust valve, identified as No. 1 and 2) were exposed to Military Specifi-
cation NTO with inhibitor added. The remaining two valves (one 23-pound

thrust valve and one 100-pound thrust valve) identified as No. 3 and 4

were exposed to NTO with water equivalent in excess of Military Specifica-

tion plus the inhibitor.

The propellant reservoir tanks were removed from the system and loaded

with propellant. After the tanks were filled, they were assembled into

the test system. The pretest and posttest analy3is of the propellant is

shown in Table B-1.

During the 14-day test period, the valves were actuated once a day. Pro-

pellant was observed being expelled during each actuation, ensuring that

the valves were operational. Observation of the propellant was made by

watching the vent port of the propellant catch tank as shon in Fig. B-5.

Valve actuation was done with a power supply capable of delivering 26vdc.
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Throughout (.he .tday test period, no additional propellant was required

other thait that stored in the test system reservoirs.

Upon completion of the prescribed test period, the subject valves wexe re-

moved from the e-.,'erimontal setup. decontaminated, and packaged for further

testing. Decontamination of the propellant valves was accomplished only

wilh gaseous nitrogen purges so as not to disturb or remove any film or

reaction products prior to pasttest functional testing and subsequent

disassembly.

Test Results

All four propellant valves successfully completed the prescribed test con-

ditions. The pre- and post-functional data show that there was not de-

terioration of the valves caused by the inhibitor (FNO 2) added to the

nitrogen tetcoxide (Table B-2). Examination of the hardware with the un-

aided eye and at 10, 15, and 45 diameters, showed a ciating on all the

metal surfaces of a white to pale green color, most probably iron fluo-

ide (Table R1-3). There was no deterioration of the base material of the

propellant valves.

Conclusions

1, All four Gemini-type propellant valves were operational at the

end of the 14-day d3:iamic/static exposure to inhibited nitrogen

tetroxide.

2. Pre- and post-functional tests of the four Gemini-type propellant

valve showed no significant changes (Table B-2).

3. No deterioration of the materials of construction was observed

(Fig. B-3 and B-4).

'I. A nearly uniform white to pale green coal ng was observed oln all

internal surfaces of the propellant valves at the conclusion of

the tests.
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5. Inhibited nitrogen tetroxide is compatible with the SED solenoid

valves tested on this program.

TRAUNSFE"I EFFECTS

Summary

If INTO is to be developed into a fieid operational propellant, it will

b- necess&ry to make the INTO, transfer it into a shipping container, then

to a storage tank, and finally into a motor while still maintaining its

integrity. Determining the effects of transferring INTO was thus of prime

importance.

Experimental

INTO has been transfered from a 1-liter 304 stainless steel lloke cylinder

into corrosion test bombs and storability bombs over 25 times. Analysis

*was performed of samples of the liquid phase of the INTO in the Hoke

cylinder and in the bombs loaded from the cylinder. When the bombs being

loaded were prepassivated, no significant change in FN02 content was noted.

When the bombs were not prepassivated, the FNO2 content dropped until

passivation occurred. There was also some drop in FNO2 content of the

liquid INTO when there was a significant ullage remaining in the bombs

after loading, because the FNO2 is enriched in the ullage.

Conclusions

It is possible to transfer INTO without signifitantly decreasing its FNO0

content. From a pritctical consideration, it would I'e best to prepassivate

containers into which INTO is to be loaded and to attempt to leave as little

ullage as possible. Prepassivation could best be accomplished by loading

with a small quantity of INTO and then veaiting this small portion.
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ROCLAMATION

Ten samples of out-of-specification NTO have been reclaimed by the addition

of fluorine oxidizers. FP0 has been used to reclaim NTO containing as

such as 022 weight percent B 20. ENO2 has been used to reclaim NTO con-

taining as such as 0.24 weight percent H2 0°. F0 2 formed in situ by the

addition of fluorine has been used to reclaim NTO containing as much as

0.19 weight percent 1120. The original water contents were determined by

nuclear magnetic resonance and Turner bulb techniques, and the final

water contents were determined with glass and aluminum Turner bulb apparati.

The final water contents were in the range of 0.02 to 0.04 weight percent.

It is probable that the final values obtained are not zero only because of

reaction of HF or FN 02 with the apparati.

FIELD PREPARATION OF INTO
S~Summary

One of the most promising aspects of using FNO2 as an additive in NTO hasj been the possibility of forming FNO2 in the field by the reaction of F2

with NTO. This possibility has I-on investigated on a bench scalc with

complete success. No major difficulties are anticipated in further scal--

ing up the operation.

EXPRI MENTAL

A 1-liter passivated Hloke cylinder was loaded with 1120 grams (750 C) of

liquid N204. Provisions were made for the withdrawl of liquid samples and

of samples of the gas above the liquid as well as measurements of pressure

(Matheson SS gage 23539-1) and temperature (Tem-Tron thermocouple U-T2)

changes (Fig. 3 ). The gaseous fluorine was stored in a 500-cc Hloke
cylinder reservoir at 50 to 6!) psig and was bubbled through the liquid

0• in small increments by means of the pressure differential. The de-

tails of the addition are summarized in Table 6.
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Throughout the whole experiment the reaction vessel was agitated inter-

mittently to insure thorough mixing and reaction. Tile only warming ob-

served was when the F,) was passed through rapidly during steps No. V, VI,

and VIII. An overall 5 C temperature rise, corresponding to the change

in ambient temperature during the experiment, was noted. The heating was

only observed at the top of the reaction vessel above the liquid phase.

The thermocouple did not show any temperature rise in the liquid phase.

Infrared sampling indicated that some FNO uas also formed, towards the

ond of the experiment. A total of approximately 17 grams of F, was passed

through or into the liquid N2 0,1. At the end of the antition infrared ana-

lvsis of the liquid phase by expansion of a portion ot the liquid into an

inf'vared cell indicated the presence 2.9 mole percent FNO 2 .

irv
('one I us ions

The exlperimen|t showed that approximately 8.5 of the 17 grams of fluorine

added were used either to completely passivate the system and to react

with any moisture in the N,,04 itself or were vented during the addition.

The procedure adapted near the end of the experiment showed that a fairly

rapid addition of fluorine to nitrogen tetroxide could be made without

excessive heat resulting. Occasional venting may be desired to remove

small amounts of oxv.en fotmed from the reaction or fluorine or IN0NO with

any water present in the NTO.

\•OIl I¶IMSSI•U A.ND SOI.III I. [TY

.Aplaratus Used

The apilaratus u-ted for the vapor pressure measurements consisted of a 10-

milliliter stainless4 steel Hloke cylinder equipped with a pressure trans-

ducer and an internal thermocouple sheathed in stainless steel. For

measurements above room temperature, the pressure transducer and the ullage

associated with it were w-nroed to about 5 C higher than the liquid by
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heating tapes. The total volume of the apparatus was 16.5 milliliters,

and the ullage averaged about 11 milliliters. A fuller description of

the equipment may be found in Ref. 4.

Vapor Pressure of 1I102

All references in the literature to values of the vapor pressure of FN) 2

stem from the measurements made in 1932 by 0. Ruff (Ref. 5), wherein he

swasured its vapor pressure from -155 to -72.8 C in a quartz apparatus.

Although reasonable agreement has been found with the literature values

in the -70 C and below range, at room temperature and above actual measured

vapor pressure was twice that predicted by the equation in Ref. 5. This

result is not surprising in view of the narrow range of temperatures used

in the older work.

In this work, the FM 2 was handled in a monel and Teflon high-vacuum line

which had the vapor pressure measuring apparatus affixed to it. The whole

system was passivated with fluorine gas and with FNOI itself. The FNO2

used in the measurements was passed through a -126 C trap, where all of

the impurities. were condensed and the purified compound was collected in

a -196 trap. Its purity was tested by examination of its vapor pressure

at -80 C, which was 540 m (Ref. 5 reports 52B me), and by ascertaining

that it was tensiometrically homogeneous (i.e., vheu the free space above

the liquid was doubled, the vapor pressure remained constant). The puri-

fied FWO2 was Iooded into the measuring cquipment by vacuum transfer and

condensation at -196 C. During the course of the measurements, the vapor

pressure of the FO4, was periodically checked at -80 C to ascertain its

purity, All measurements reported are an average of several independent

determinations employing two different batches of FNO2 purified in the

manner described above. A vapor pressure equation was obtained from the

data u-ing the methed of least squares. The followir7 equation was

obtained:

log P. . 74729 -
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where

p - pressure in m,/lg

T . temperature in degrees Kelvin

Physical constants derivable from this equation are: boiling point, -73.1

C (-72.A, in lef. 5); AHv, 4.20 kcal/mole; Trouton's constant, 21.0.

Vapor Pressure of Pl•O2

t C p found p calculated

-78.9 543 554

-45.8 2,770 2,703

-23.1 6,410 6,291

0.0 12,800 12,860

25.2 24,300 24,7110

The vapor pressure of FNO2 at temperatures hig-er than 25 C was not measured

because of the limited pressure rating -f the valves employed in the

equipment.

Vapor Pressure of IN02 and N,04 Mixtures

Essentially the same procedures and precautions were taken in the measure-

cents of the vapor pressure of FNO, and NO . mixture., as were described

for the case of pure f.NO,. The NO0 0 was distilled into the apparatus,

and the amount added determined by weaght difference. The FWOO was dis..

tilled in, nnd the amount added was determined by measuring the pressure

and volume of the gas. The stainless steel equipment 'as not completely

p-issivated with solutions of FNO2 in %.,2 0o. The rate of attack of the

m-ixture on the walls of the equipment was slow at ii C, intermediate at

25 r'. and at 50 C small quantities of noncondensable gases were always

formed during a measurement. To obtain meaningful results, the measure-

cents at 10 t were corrected for the amount of noncondensable gases
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present, determined by cooling the apparatus to -196 C immediately after

a measurement. t! this way, consistent results could be obtained fron

different runs; nevertheless,the accuracy of measurements at 50 C are con-

sidered to be of the order of 10 percent.

A further correction was made for the concentration of FNO in the liquid

phase, taking into account the fact that the fNO,,, because of its greater

volatility, would be present in higher concentrations in the gas phase.

A computer program developed at Rocketdyne (Ref. 4) was employed to ike

this correctidn. The results are presented in Fig. 4 , 5 , and b .

It will be :epen that the solution i:; close to ideal. The ideal and ex-

perimental curves at 50 C do not meet as the *'•'02 concentration approaches

..ero due to the reaction of ' with the equipment. Henry's law cunstants

fr •.•O., were obtained at the temperatures 0, 23, and 50 C, and in concen-

trations ranginig fruo 0.')7 to 4.72 percent (by weight). Utilizing the

expression "•T~ k 11..'• 'i.re is the mole fraction of FNO2 in

tile X, U• solution and P M( is the partial pressure of FNO0 , k's were ob-

tained eluaI to 7.5 x IO-3-mm- at 0 C, 6.1 x 10- m at 25 C and 6.0 x
0-5 . at I O c* The average error of the k's obtained was tO.b x 10-5

- tandard .eviation m0.m i I-) , and probable error = ±0.
-) -- I

FWl I 7I:,, O)lI:;T iW'iL'1\AT Io.

The saree apparatus was used for the freezing pi.int determination as was
euploued for the vapor pressure measurements. The melt in, point was de-

termined b. the reverse of the cooling curve wethod. The •ateriai was

frozen at -l19t, and the temperature was neasured ever-, uinute (rom -140

to 0 C with the thermocouple sheathed in %tainleis:, steel and aimerset, in

the frozen mass. hihen this method was euplo.e. with \,10 4. a elting point
• ~of -11.1) was found. which compared well witth the literature value 01

i ~ -11.'2 Mie(. h).

I n ixture of 1•,1).• and \,UO was• prepared. u'hal:.e nownai coImpoition %aft

4 .•" perceqnt b% w'r jllt. The eompuzim.tton corrected fnr the MNi., in thr

vapnir pi.l.tte ua*, %.72 pereenLt. .uul it., oealting rnint detervined by tie 4a&e

.5.
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method as uspd foe N2 0I. A good plateau was not found in the plot of

temperature vs time; a p3ot of the first differe-atial of the data gave P.

melting poinL for the mixture of -12.0 C. N2C4 has r molar freezing point

depression constant of 3.6 C/mole additive/1000 gms of solvent. Hence, a

freezing point depression of 2.6 C would be expected for a 4.72 weight

percent solution. It is considered that with the present apparatus this

is the best result that can be obtained; for higher precision a truly

passive apparatus is needed in which the mixture can be c;ntinua]ly and

thoroughly mixed as the freezing point is approached.

40

1k



PJIAS1' II: ANALYTICAL STUDIIS

i SUMWiARY

To successfuliy and meaningfully conduct the engine evaluation of Phase I,

it was necessary to develop analytical chemical methods for the complete

analysis of NTO, F PNO, FNO, NTO + FPNO, and NTO + FNO0 . No single
3

chemical technique is available which will successfully analyze all of

those compL ids; therefore, a combination of methods was required for a

complete analysis. The procedures that were developed are described

imaediately infra.

EXPERIMENTAL

Nuclear Magnetic Resonance

The n.m.r. method for the determinatiLn of protons in NTO (Ref. 7 ) has

S1 een used to check the water equivalent of the NT0 samples used in Phase

I. F1 9 n~m.r. has been used to confirm the formation of FNO02 by the re-

action between F. and NTO, and thp formation of 1F by the reactions of

F NO and FNO with the 1NO present in NT0.
3 2 1~3inNO

Infrared

The therrval stability of NTO + F NO was followed mainly by IR analysis,

and the iesults are given elsew!bere in this report. A calibration for

INOQ in NTO has been obtained in the infrared region by uaing the intensity
of the 12.18-micron band of FNO, as a quantitative measure of the FNO2

content. The calibration curve is shown in rig. 7. This method was

used to show that the reaction of F and NTO did produce FNO 2 in suffi-
2

cient quantity to yield INTO. 4 spectrum of NTO + FNO2 io shown in

Fig. 8. Figure 9 shows the calibration curve for the 2.51-micron band

of IIF that is used to determine the 1W formed when a fluorine oxidizer

is added to NTO containing some water.
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Gas Chromatography

There have been many unsuccessful attempts over the past dec&de to analyze

nitrogen oxides by gas chromatographic methods (Ref. 8 and 9). These

attempts have been made with both gas/liquid and gas/solid columns.

The use of gas/liquid chromatogr'~phy, which utilizes an organic substrate

to achieve separation, was precluded by the extreme reactivity of NTO,

which will react with almost any organic substrate used in chrormatography.

Conventional gi.s/solid chromatography uses materials such as silica gel,

molecular sieve, alumina, etc., to achieve separation by surface adsorp-
tion. However, most of the materials mertioned exhibit a high degree of

polarity. Attempts to analyze nitrogen oxides using such materials re-

sulted in broadtniling peaks, which precluded the possibility of using

this approach as a basis for a quantitative analytical technique.

During this program, a gas chromatographic technique was developed that
will successfully analyze F3N0, NTO and INTO samples for F3 V 2,

NO, 02Y and N2' The method consists of trapping the NO2 (and possibly

any HF, N2O, or CO2) at -80 or -126 C on an AiF3 column, passing the re-

"maining gas mixture orer either a 4-percent halocarbon wax on porous

glass or a Linde Sieve 5A column, and then into a thermal conductivity

detector. The NO,)-containing AlF 3 column then is warmed to ambient tem-

p,ýrature and the evolved gas is passed directly through the same detecto)r.

Using the halocarbon wax on porous glase column, NO + 02 + N2, F3 NO, N2 )

(if in high enough concentrations), and NO2 can be determined. F NO

-02, N2 , NO, and NO,) can be determined by using the Linde Sieve 5A column.

For a complete analysis, two samples must be run, one with each column.

An intere.3tLng aspect of the gas chromotographic analysis of NTO is that

NO will pass through the -80 or -126 C trap rather than being retained

as NO-. The NO passes through the trap because at the sample pressure

used (200 mm), the NO + NO02:-4LN 0 equilibrium lies far to the left
2 2 3

and, when the mixture is passed through the trap, its residence time is

insufficient foi the equilibrium to shift to the right. This was checked

II "



by determining chromatographically the NO content of two samples of N2 04

containing 0.57 ±-0.05 weight percent NO (as determined by the proposed

NASA procurement specification, PPD-2). The NO contents found chromato-

graphically were 0.59 and 0.61 weight percent.

Water Equivalency

The most straightforward method of ascertaining the efficiency of drying

NTO by adding a fluorine oxidizer would be to measure the water equiv-

alency of a portion of an NTO sample by a stai~dard military sptecification

procedure and to similarly measure the water equivalency of a second

portion of the same NTO sample to which a fluorine oxidizer had been

added. Unfortunately, the HF formed by the reaction of a fluorine oxidizer

with wet NTO reacts with the glass window of the phase separation Military

Specification apparatus. This reactivity precludes using that equipment.

Instead, it has been necessary to fabricate of an unreactive material an

approximate copy of the Turner bulb apparatus formerly called ouit as a

military specification.

An aluminum flask has been constructed for the purpose of obtaining water

equivalent data from samples of INTO. The flask is shown in Fig. 10.

High purity aluminum 1100 and aluminum 3003-0 were chosen for construction

materials because of their weldability and corrosion resistivity. The

total weight of the flask is about 70 grrms. Passivation of the aluminum

container was accomplished by exposing it to 50-percent HF for 1 week

ana to NO0 for 1-week. Water contents of N20• determined with this

apparatus agreed to within 0.01 weight percent with those determined with

a glass Turner bulb apparatus.
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Hamss Stctrometric

Mass spectrometric analysis was used to check the purity of F3NO. The

analysis revealed FýO (90.8 percent), 02 (I0.7 percent), NO2 (2.3 percent),

N2 0 (I.I percent), and CO) (0.9 percent). This wvs in substantial agree-

ment vith the gas chrowitographic results. Mass spectormetry in tot ex-

pected to be useful for the analysis of INTO since the M/E 3 50 peak is

common to too many of the constituents.

4
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SUMMARY-

my i

PHASE I: ENGINEERI1G EVALUATION

INTO has been evaluated to determine its storability, its corrosive effects

upon typical materials of construction, its transferability, and its pos-

sible field preparation. In addition, its vapor pressure, freezing point,

and conductivity have been determined.

It has been found that INTO is storable at 70 C in stainless steel, alum-

inum, and nickel containers with no apparent change in composition for at

least 6 months. Therefore, storage in containers made of any of these

materials should be feasible.

Thirty-day studies have been completed at ambient temperature and at 70 C

of corrosimn of iron and aluminum alloys exposed to INTO and NTO. Twenty-

month studies of corrosion of these alloys at ambient temperature are now

irn progress. On the assumption that the results of the 20-month tests

will not conflict with the data already obtained, the following conclusions

cin be drawn: (1) wet NTO will corrode aluminum and iron alloys at 70 C;

(2) INTO will passivate aluminum alloys at ambient aud at elevated tem-

pcrature; (3) IIF will passivate both aluminum and iron alloys but only

significantly (visually apparent) at elevated temperatures; (4) INTO doca

not 3ignificantly pussivale iron alloys; (5) passivation layers on aluminum

are r.uch heavier with NTO + lNO2 than with NTO + HF; (6) although passi-

vation layers are not visually apparent, 300 series stainless-steel alloys

withstand corrosion far better than 1018 carbon steel, 440 C stainless

steel, and AM 350 SCT; (7) 2014 and 2024 aluminum alloys form thinner and I
more adherent passivation layers than do 7075, 6061, Tens 50; (8) the

passivation layers react on exposure to (moist) air. It is recommended

that systems demigned to use the INTO oxidizer be constructed of alloys

such as the 300 series stainless steels or 2014 or 2024 aluminum which

have been found to behave significantly better when exiosed to the

propellant.
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The effects upon nonmtals of INTO as coqmared to NTO have also been

studied. It ws found that KeI-F, Teflon, Kynar, butyl rubber, and Viton A

are comparably effected by both coupositioue.

The conductivities of IM02 +vet and dry N1O, wet and dry N1O, and dry

111O + UP have been measured. Only a relatively small change in solution

conductivity wes noted. It is therefore not anticipated that INTO will

present more gal"nic corrosion problems than does NO.

The effects of Antez'mittently f loving INTO0 made from wet and dry 1410

through 25ý and 100-pound valves for a 2-week period have been investigated.

No deterrent effects upon valve performance vere observed. The use of INMO

is therefore not expected to contribute to valve failure problems.

A method for preparing DMTO under field conditions has been developed.

Tkia method coneists of bubbling I2 through liquid propellant grade NTO

at ambient temperature. The reaction has been shown to proceed moothly

and no difficulties are anticiprted in scaling up the operation.

Measuremevts of the vapor pressures and freezing points of INTO solutions

have been completed. No unusually large variations were discovered in

either phenomenon. Renry's Law constants for RI O2 were measured and forund

to be 7.5 Y 0o-5 mi- at 0 C, 6.1 z 10-5 li-I at 25 C, and 6.0 10-5 smi-1

at 40 C. It is not anticipated that any major changes will be required

in systems designed for use with NTO, die to the substitution of INTO for

NTO asns result of the changes in vapor pressure and freezing point.

Reclamation of wet N1O as deuenstrated by a reduction in water equivalent

has been conclusively demonstrated by addition of fluorine or SO02. It

has aiso been shown that INTO may be transferred in a closed system with-

out appreciable loss of PiO2 . The PIO2 content was found to be somewhat

lowered after transfer because of the filling of the ullage cf the con-

taiser into which the INTO wva being transferred by the DMT0 vapors. A

slow drop in lI O2 content of the INTO was aiso noted until the new con-

tainer had completely passivated. To uinihaize thes" effects, transfers
of INTO should be made under the folloviugl ctnditiono: (i) in closed
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systems, (2) the container into which the INTO is being transferred should

be filled as near to full as possible to minimize ullage, and (3) the PNO2

content of the solution being transferred should be somewhat higher than

than desired in the final container.

PHASE Il: ANALYTICAL STUDIES

Analytical chemical methods have been developed vhich alloy INTO to be

analyzed for FýNO, NO2, NTO, NO, N.0, HF, 02, N., and H20. F-M, ]N02,

aid HF have Seen determined by F19 n... 1120 has been determined by

IfI n.m.r. and by using an aluminu'- Turo-.r bulb apparatus. 13N0, NTO, NO,

N0,)O 02 and N2 have been determined by gas chromatography. 7940, P1402
and 1F have been determined by quantitative infrared spe.Atophotometry.

Techniques foc performing these analyses are described in the body of

this rer.o')rt.

RECON#IMIMT 11S

The encouraging rtaults obtained on the INTO program suggest the further

development eo INTO as an operational propellant. Additional engineering

properties will be evaluated on Contract P04611-67-C-0008. Further work

has been proposed in response to RFQ F0Y611-67-R-0059.

In addition to these efforts, INTO should, of course, he test fired.

Furthermore, before any system is constructed in vhich INTO is to be used

as the oxidizer, determinations should be made of the effects of storing

all of the specific construction material@ of the system in contact with

INTO utgder mission duty conditions.
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APPENDIX A

CORROSION TEST DATA

A..

1'



- 00

0

-4

t. -4

A-22



-- -- -" - ..

W 4

* "'
0

4a

W43

IIi

A-3s!!!i I-'
i •_r.

A •i ,



-

-

*
0

ii
-.- '- 4�

0
:3

0
S
0ii
a:
Oi

*Ii
A.0
ri�E4

.1
1: 41 1
Ii

*

a

.

A�i.



4-

-. 54

A-5;



0

a
'4

0� 0

ii
� .4

ii
a

1�
.0 4

C H
A

6I4.

0
4.

*

aj.'U
U.1

* �1
a

� a
0

'U U
0 54

54

*1

g I



Oflfl�� - - -

"a
0

II
Oh

At
o

'0

0
U

'Ii
U
a*U

"4
K
A.

0)

S

'00- I
U)

-� it*1i No
"4 'sq

wag. j
0.4

a..
I

S

A- I



.p �

I

F.,

.4

U

* U
** q4

A.

U,

-
I.e

4.
U4 00

S

I
a

A-a



*
4

:4

I

I
I

0 I

0
* 4)

.0

*

is I

* 4) 1
I' I

Is I
-' ii.

S I
4

g. �:

4'

A-9



IN

17i
0n

A-. 10i



I
3 �

I
- j

g

0

4 A. '�V� �
0

H'LI h'
a.
041
U'

�

I.'

a.
0 ��@

�

ii H
U

A-Il 4



- v - � _____________________________

I
U>4

�

E

.0

ii

.1

'U

: -
* a -

�

I

A- 12



I �
Ii

* I

I
El.

h. [t1

A K
.3
I: ii

I 
I12

II
jEt

�

I.
a*

1�

A-13

4 �-

I



Vito. A

L hutyl hlbber
I

{U 1.11P

D Kynar

Teflon

Vi ton A

Butyl |ibbr

pp

N Control NTO Y 9 O

Figure A-13. Seven-Day NTO and WTO * FT•4O Test Nomnetais Tests

"A 1



Kel-KXe 1-k'
L Kynar

Q Butyl Rbber
U

Teflon
D

Vitoo A

Kel-F

A
p Butyl hbber

Teflon

"Viton A

NnO COGETL NTO + .•_O

Figure A-I1. Seven Day NTO and NTO * F;O 2 Nonettle Testa

A-15



304

321

440

MK350

1018

316

?Igurz A- 15 lNrrou Control Specim*m

! A- 16



6061

7075 (Not Weldable)

?FM-50

2014.

~202' (wet Weld~able)

Figure A-16. Alvmum Control Sp~eims

A- 17



6%61

7075 (Not Weldable)

L

I TINS-50

q

2014.

202'. (Not Weldable)

(Z6I

9 Ui kot Weldable)

A ?TKS- 50

R 01

2024. (Not W.'Idt, I-P)

Figure A-17. D~ry TNro 30-Day Aabivit Alumis Sper i men

A-10P



ilki

* 7075 (Not Weldabli?)

L

I

D
20!'4

202'. (Not Weldable) -o

V 7073 (N~ot Weldable) ( 4
A

p

Itt

20)24 (Not V{s1dable)

P igure A- Is Dry MNO %-Day E~gb*-T~mq~rturv klmiam Spftia..

A- 19



2010

2074 ("ot Weldable)

2025 (Not Weldable)

A

p

0

2014~

202#. (Not Weldable)

Pigure A-19. Wet DIT V-hy hAmemt Almriur p.Iczmms.

A-20



Weld"f~uas

6061

707 (Not Weldable')
L

T

D

2014. I
2023. (Not Weldable)

6061

7M7 (Not Weldable-)

A

P Tfl.S- 0

2014

2M' (Not Weldable)

7ig'a" A-20. VOt MO1 30-DRY Migt-TO~erstue Alvmirn 11twc a...

A-21I



Wel ded Regula

304

321

440

D AM 350

1018

316

30'.

321

A

p '.40

0

R

31C(

Figure A-21. Wet TNTO 30-[kiy High-Temperature Ferrous Specimens

A-22



WeldedRegula
6061

7-

7075 (Not Weldable)

L

Q TENS-50

U AP7

D 2014~

2024 (Not Weldable)

6061

7075 (Not Weldable)
V
A

TENS-50
0 '

2014

2024 (Not Weldable).

Figure A-22. Dry NTO + HF 30-Day High-Temperature Aluminum Specimens
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Figure A-23. Dry NTO + HP 30-Day High-Temperature Ferrous Specimens
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TABLE A-3

WEIGHT CHANGES OF SPECIMENS EXPOSED TO N NTO

FOR 30 DAYS AT AMBIENT TEMPF1ATURE

}Average Weight 1Average Percent F ~iet
Alloy Change, grams IWeight Change _____________________

Ferrras Specimens

304 L +0.0001 +0.006 Weight changes vere approximately
equal for all specimens.

316 +0.0002 -0.010 Welded specimens exhibited smalle.
weight decreases than nonwelded
specimens.

321 +0.0001 +0.006 Liquid- and Vapor-phase welded
specimens exhibited no weight
changes.

AM 350 0 0 The liquid-phase nonwelded speci-
men showed an abnormal weight
change and was discarded; vapor-
phase nonwelded and liquid-phase
welded specimen showed no weight
change.

440 -0.0002 -0.009 The liquid-phase weided specimens
showed no weight change. The
vapor-phase welded specimen
showed the smallest weight change.

1018 +0.0004 +0.011 The liquid-phase nonwelded specimen
showed the smallest weight change.

Aluminum Specimens

TENS-50 -0.0002 -0.025 None

2014 +0.0001 +0.024 The vapor-phase welded specimen
showed a large negative weight I
gen whereas all others were pos-
itive. It was discarded in
averaging.

A- 27
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TABLE A-3

(Concluded)

4 ,Average Weight Average Percent
Alloy Change, gram Weight Change Coments

2024 -0.0004 -0.055 The vapor-phase specimen showed
three times the weight los1 of
liquid-phas e specimen.

6061 -0.0005 -0.067 The vapor-phase welded specimen
showed much larger weight de-
crease than others.

7075 +0.0004 +0.037 The vapor-phase specimen was dis-
carded because it showed a large
negative weight loss probably
caused by dirt in a machining
groove noted before the test.
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TABLE A- 4

WEIGHT CHANGES OF SPECIMMI EXPOSED TO WET NTO

FOR 30 DAYS AT AMBIENT TOWERATUBE

I Average Weight Average Percent[

Alloy Change, grams Weight Change Comments

Ferrous Specimens

30% L +0.0002 +0.006 Weight changes were approximately
equal for all specimens.

316 -0.0002 -0.010 Weight changes were approximately
equal for all specimens.

321 -0.0002 -0.010 Weight change. were approximately
"equal for all specimens

AM 350 -0.0001 -0.003 The liquid-phase welded specimen
showed no weight change. The
vapor phase-specimens showed a
weight decrease. The liquid-phase
nonwelded specimen showed a weight
gain.

, .440 -0.006 -0.027 The vapor-phase weight losses were
approximately four times those of
the liquid phase.

* 1018 -0.0001 -0.006 The vapor-phase welded specimen
was the only specimen to show a
weight gain. The weight loss of
the vapor-phase nonwelded specimen
was four times that of liquid-phase
specimens.

Aluminum Specimensi

TENS-50 +0.0001 +0.019 The vapor-phase welded specimen
showed no weight change. The
vapor-phase nonwelded specimen
showed greater change than the
others.

A-29
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TABLE A-4

(Concuc ded)

Average Weight Average Percent
Alloy Change, gram Weight Change Comente

2014 0 0 Nonvelded specimens exhibited a
slight veight increase. The
vapor-phase welded specimen
showed no weight change.

2024 -0.0002 -0.030 The vapor-phase specimen shawed
significant weight loss. The
liquid-phase specimen shoved no
change.

"6061 0 0 All samples except the liquid-
phase welded specimen showed no
weight change.

7075 +0.0002 +0.014 The liquid-phase specimen showed
weight gain. The vapor-phase
specimen showed a weight loss.

A-30
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TABLE A, 5

WEIGN CHANGM OF SPECINRS MWE) TMY N"T FM 30 MYS AT 70 C

IAverage Weight IAverage Percent
Alloy Change, grams Weight Change jcomments

Ferrous Spec imen.

3041L .0.0001 +.004O None

316 -0.0001 -0.006 Vapor-phase weight lossues were
greater than these of the liquid-phase

32! .0.0002 .0.008 None

AN 350 .0.0001 +0.0011 None
4410 o.0.006 +0.076 Vapor-phase specimens showed slight

weight losses whereas liquid-phasee
specimeas showed significant gains

1018 4.0.0008 40.030 Liquid-phase specimens showed greater
weight increases than vapor-phase

I specimens

Aluminua Specimens

TENS-50 -0.0012 -0.132 None
2014 4.0.0011 +0.1416 Vapor-phasee nonwelded specimen showed

weight gain about 10 times those of
others

2024 -0.0011 -0.139 Liquid-phase specimen showed weight
lose twice that of vapor-phase
specimen

6061 -0.007 -0.098 All weight lorses, were about equal
7075 -0.0002 -0.014 Liquid-phase specimen showed no

weight change

A-3 1
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2MM A-6

vWiE Cýms 0a SuMCx Em uD TO W Wro
M 30 DAS HZ 70 C

Average Veight Average Prcemt
Ally Chage, gramS Veight Change Cements

Perrous Spec imnes

301L -0.0046 -0.181 Velded specimens sboved greeter
gbt loss than monvelded specimens.

316 -0.0052 -0.229 None

321 -0.0054 -0.237 Vapor-phase specimen weight losses
were slightly greater than liquid-
phase specimens.

0AN350 -0.0077 -0.263 NOe
41)0 -0.0222 -0.962 Liquid-phase welded specimen shoved

a much smiler weight loss than others.

1018 -0.0017 -0.073 Vapor-pbase specimens sho•ed greeter
weight losses than liquid-pbase
specimens.

Aluminum Specimens

TwI-50 -0.0003 -0.037 Welded specimens shoved greater
weight loss than nonelded specimens.

2014 -0.0)04 -0.038 Vapor-phase welded specimer bhawed
greater weight loss than others.

2024 -0.0005 -0.066 Vapor-phase specimen veigh#. loss usas
4 times thet of liqr~id-pbkse specimen.

6061 -0.0002 -0.031 Liquid-phase nonwelded specimen
sbhod weight increase.

7071 -0.0002 -0.018 Liquid-phase specimen shoved no voighta
change.

I



TAN.E A-7

WEIGHT CANGES OF SPOCIMENS EXPOSED TO DRY NTO+ FN02

FOR 30 DMYS AT AISIENT TIEPEATLURE

IAverage Weight IAveragePecn
Alloy ChMange, gran Weight Change CogentsI I I

Ferrous SpeC"

304 L 0.0011 40.046 The veight gain of the liquid-
phase welded specimem was slightly
leos than the others.

316 .0.0005 +0.025 The liquid-pbe veigat gains were
approxismtely 1. 5 times those of
the vapor phase.

321 +0.0006 +0.030 The vapor-phase nonvelded specimen
e~zhibited approximately twice the
weight gain of the other specimens.

AN 350 +0.0018 O.061 i The liquid-Ihase meuelded ,p#ci-
mm showed a miler weight gain
tiaan other specimem. ns

440 +0.0021 +0.092 None

1018 40.0020 +0.090 MTe welded specimens shoved weight

Iless than the novrwrelded specimens.

Aluminm Specimens

TEM-50 .0.0128 +1-726 Non*

2014 +0.0075 .1.068 Nonvelded specimens exhibited %
slightly greater weight gain
than velded speciumn.

202t 10.00% .0.696 Thert was approximately the saw
weight gaia for all specimens.

6061 40.0243 .3.57 No vw'bt was recorded for the
liquid-;Aase welded saple; it
was exposed to air and the pass-
I ivation layer reacted.

7075 o0.0096 +0.892 }None
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TABLE A-8

WEIGHT CANGH) OF SPECIMENS EXPOSED TO MRY NTO + FO 2

FOR 30 DAYS AT AMBIENT VEMPERIATURE

(RmUN F PREVIOUS TEST)

Average Weight Average Percent
All'T Change, grams Weight Change Comments

Aluminum Specimens

TDS-50 +0.013G +1.761 Liquid-phase specimens showed
greater weight gains than vapor-
phaze specimens.

2014 +0.0072 +0.870 Liquid-phase specimens showed

greater weight gains than vapor-

phase specimens.

2024n +0.0098 +1.124 Liquid-phase specimen showed
greater -eight gair, than vapor-
phase specimen.

6061 +0.0088 +1.303 Liquid-phase :jpecimens showed
greater weight gains than vapor-
phase specimens.

7075 +0.0075 +0.833 None
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TABLE A-9

WWEIGHT CHANGES OF SPECIMENS E(POSED TO DRY NTO + FNO2

FOR 30 DAYS AT 70 C

Average Weight Average Percent I

Alloy Change, grams Weight Change Comments

Ferrous Specimens

304L +0.0006 +0.022 Liquid-phase nonvelded specimen
showed a weight gain of about one-
third of others.

316 Welded specimens showed small weight
gains. Nonwelded specimens showed
small weight losses.

321 +0.0003 +0.011 Liquid-phase welded specimen showed
weight gain of at least twice those
of others.

AM 350 +0.0026 +0.083 Welded specimens showed double the
weight gain of nonwelded specimens.

440 +0.0280 +1.218 Nonwelded specimens showed larger
weight gains than welded specimens.

1018 +0.0060 +0.260 Nonwelded specimens showed larger
weight gains than welded specimens.

Aluminum Specimene

TENS-50 +0.0282 +3.59 None

2014 +0.0156 +1.670 None

2024 +0.0138 +1.720 Liquid-phase specimen showed weight
gain 1.5 times that of vapor-phase
specimen.

6061 +0.0234 +3.23 Liquid-phase welded specimen showed
larger weight gain than others.

7075 +0.0203 +1.888 Liquid-phase specimen showed weight
gain 1.5 times that of vapor-phase

mI•specimen.

A-35

mr



TABLE A-10

WEIGHT CHANGES OF SPECIMDNS E(POSED TO WET NTO + ENO2

FOR 30 DAYS AT AMBINT TEMPERATURE

- -Average Weight Average Percent

Alloy Change, grams Weight Change Comments

Ferrous Specimens

304L +0.0008 +0.038 Vapor-phase weight gains were
approximately 2.5 times those of
the liquid-phase.

316 +0.0004 +0.015 Liquid-phase weight gains were
greater than those of the vapor-
phase.

321 +0.0006 +0.030 Welded specimen weight gains were
approximately half of the non-
welded specimens.

* AM 350 +0.0021 +0.072 V&por-phase weight gains were
greater than those of the liquid-
phase.

440 +0.0027 +0.115 All weight changes were about
equal.

1018 +0.0030 +0.146 Nonwelded specimens had greater
weight gains than welded specimens.

Aluminum Specimens

TENS-50 -&0.0231 +2.36 All weight gains were about equal.

2014 +0.0114 +1.469 Liquid-phase weight gains were
slightly greater than those of
vapor-phase.

2024 +0.0063 +0.772 Liquid-phase specimen showed greater
weight gain than vapor-phase
specimen.

6061 +0.0368 +4.56 All weight changes were about equal.
ms I:

7075 +0.0150 +1.399 Liquid-phase specimen shoved greater
weight gain than vapor-phase
specimen.

L ~A- 36
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TABLE A-11

WEIGHT CHANGES OF SPECIMENS EXPOSED TO WE7T NTO + FNO2

FOR 30 DAYS AT 70 C

Average Weight Average Percent
Alloy Change, grams Weight Change Comments

Ferrous Specimens

304L +0.0166 +0.678 Welded specimens showed smaller
weight gains than nonwelded
specimens.

316 +0.0088 +0,354 Welded specimens showed smaller

weight gains than nonwelded
specimens.

321 +0.0122 4-0.582 Liquid-phase specimens showed
weight gains about twice those of
vapor-phase specimens.

AM 350 +0.0376 +1.284 Vapor-phase nonwelded specimen
showed slightly greater weight
gain than others.

440 +0.0408 +1.710 Welded specimens 3howed slightly
smaller weight gains than non-
welded specimens.

1018 +0.0176 'a0.652 Liquid-phase specimens showed
greater weight gains than vapor-
phase specimens.

Aluminum Spec imens

TENS-50 +0.1850 +23.17 Vapor-phase welded specimen showed
much smaller weight gain than
others.

2014 +0.0404 +5.39 Nonwelded specimens showed smaller
weight gain. than welded specimens.

2024 +0.0562 +6.84 Liquid-phase specimen weight gain
was about twice that of the vapor-
phase specimen.

6061 +0.1263 +18.87 Liquid-phase specimens shoved
weight gains about 4 times those
of vapor-phase specimens.

7075 +0.1140 +10.67 Liquid-phase specimen showed
weight gain about twice that of
vapor-phase specimen.
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TABLE A-12

WEIGHT CHANGES OF SPECIMENS EXPOSED TO DRY NTO + HF

FOR 30 DAYS AT AMBIENT TEMPERATURE

I Average Weight Average Percent
Alloy Change, gram Weight Change Comments

Ferious Specimens

304 L +0.0006 +0.029 Vapor-phase weight increases were
greater than liquid-phase weight
increases.

316 +0.0006 +0.025 Vapor-phase weight gains were
twice those of liquid phase.

321 +0.0010 +0.011 Nonwelded specimens showed
approximately twice the weight
gain of welded specimens.

AM 350 +0.0023 +0.080 All specimens showed approximately
the same weight increase. Welded
specimens showed a slightly
greater weight gain.

,440 +0.0018 +0.216 All specimens showed approximately
the same weight change.

1018 +0.0044 +0.191 The weight gain of the liquid-
phase welded specimen was approx-
imately one-third of the others.

Aluminum Specimens

TENS-50 4+.0010 +0.125 All weight changes were approxi-
mately equal.

2014 +0.0009 +0.121 The vapor-phase welded specimen
had a slightly greater weight
gain than the others.

2024 +0.0004 +0.014 The liquid-phase specimen showed

a significant weight gain. The
vapor-phase specimen shoved a
slight weight.

6061 +0.0005 +0.070 Liquid-Phase specimens showed a
alight weight change. Vapor-
phase specimens showed a signifi-
cant weight gain.

7075 +0.0012 +0.116 Both specimens showed approxi-
-mately the some weight increase.
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TABIE, A- 13

WEIGHT CHANGES OF SPE(CMENS EXPOSED TO DRY NTO + HF

FOR 30 DAYS AT 70 C

Average Weight Average Percent
Alloy Change, grams Weight Change Comments

Ferrous Specimens

304L +0.0039 +0.157 Vapor-phase welded specimen showed
larger weight gain than others.

316 +0.0050 +0.191 Vapor-phase specimens showed
weight increases twice those of
liquid-phase.

321 +0.0056 +0.244 None

AM 35.0 +0.0088 +0.294 Liquid-phase nonwelded specimen
showed less of a weight gain than

others.440 +0.0447 +1.985 Welded specimens showed less of a
weight gain than nonwelded
bpecimens.

1018 +0.0362 +1.497 None

Aluminum Speeimens

TENS-50 +0.0282 +3.59 None

2014 +0.0131 +1.670 Liquid-phase specimens showed
greater weight gains than vapor-
phase specimens.

2024 +0.0138 +1.720 Liquid-phase specimen showed
greater weight gain than vapor-
phssL- specimen.

6061 +0.0234 +3.23 None

7075 +0.0102 +1.888 Liquid-pha8e specimen showed
greater weight gain then vapor-

.- ~phase specimen.
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TABLE A- 14

SURFACE CONDITION OF SPIECD(WS EXPOSED TO DRY ?1I0

FOR 30 DAYS AT AMBIENT TEMPERATURE

Alloy Phase Coments

Ferrous Specimens

304o L Vapor No effect

Liquid Crazing and very slight corrosion of
machining grooves

316 Vapor No effect

Liquid Very slight corrosion of machining grooves

321 Vapor No effect

Liquid Very sli~ht crazing and very slight cor-
rosion of machining-grooves

AM 350 Vapor Slight surface attack

Liquid Very slight surface attack

_*440 Vapor Pitting and apparent corrosion

Liquid Slight pitting and apparent machining
groove corrosion

1018 Vapor Bad pitting and scale formation

Liquid Bad pitting ard scale formation

Aluminum Specimens

TENS-50 Vapor Very slight attack of machining grooves

Liquid Very slight attack of machining grooves

2014 Vapor No effect

Liquid Very slight surface attack

2024 Vapor No effect

Liquid No effect

6061 Vapor No effect

Liquid Slight pitting and corrosion

7075 Vapor No effect

Liquid No effect

A-40
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TABLE A-15

SURFACE CONDITION OF SPECIMENS EXPOSED TO WET NTO

FOR 30 DAYS AT AMBIENT TEMnPATURE

Alloy Pbase Comments

Ferrous Specimens

304 L Vapor No effect

Liquid No effect

316 Vapor No effect

Liquid No effect

321 Vapor Very slight corrosion

Liquid Very slight corrosion and crazing

AM 350 Vapor Very slight corrosion

Liquid Very slight corrosion

I.1a0 Vapor Slight corrosion

Liquid Slight corrosion and spotting

1018 Vapor Slight corrosion of machining grooves

Liquid Slight corrosion of machining grooves

Aluminum Specimens

TENS-50 Vapor Pitting and slight corrosion of weld
surface

Liquid Slight pitting and surface corrosion

2014. Vapor Slight corrosion

Liquid Very slight corrosion

2024 Vapor Very slight corrosion on edge

Liquid Very slight corrosion

6061 Vapor Slight corrosion and slight pitting

Liquid Very slight corrosion and slight pitting
or spotting

7075 Vapor Pitting and slight corrosion

Liquid Very slight pitting and slight corrosion

A- 4l



TABLE A- 16

SURFACE CONIDITION OF SPECIMENS EXOSED TO MRY NTO,
FOR -30 DAYS AT 70 C

_. Ferrous Specimens

.. •304L Vapor Slight spotting and slight corrosion

Liquid No effect

3 316 Vapor Slight pitting and spotting

Liquid Slight spotting and slight corrosion

321 Vapor No effect

Liquid No effect

AM 350 Vapor No effect

Liquid Very slight spotting and slight corrosion

44J[0 Vapor Apparent corrosion

Liquid Apparent corrosion

1018 Vapor Bad corrosion

Liquid Bad corrosion

Aluminum Specimens

TERS-50 Vapor Very slight corrosion and very slight
spotting

Liquid Very slight corrosion and slight spotting

2014. Vapor No effect

Liquid Very slight corrosion and very slight
spotting

2024 Vapor No effect

SLiquid Very slight corrosion and slight spotting

6061 Vapor No effect

Liquid No effect

7075 Vapor No effectI Liquid No effect

A-4'2
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TABLE A-17

SURFACE CONDITION OF SPECIMPNS EXPOSFD TO WlET }TO

FOR 30 MAYS AT 70 C

Alloy Phase Comments

Ferrous Specimens

204L Vapor Slight spotting and corrosion

Liquid Slight spotting

316 Vapor Spotting

Liquid Slight discoloring and slight corrosion

321 Vapor VeryI slight corrosion and slight discoloring

Liquid Very slight corrosion and slight spotting

AM 350 Vapor Very slight corrosion and slight discoloring

Liquid No effect

440 Vapor Slight corrosion and discoloring

Liquid Slight corrosion and discoloring

1018 Vapor Corrosion and flaking surface layer

Liquid Corrosion and flaking surface layer

Aluminum Specimens

TERS-50 Vapor No effect

Liquid No effect

2014 Vapor No effect

Liquid No effect

2024 Vapor Some dark spots
Liquid No effect

6061 Vapor No effect

Liquid Slight spotting and slight corrosion

7075 Vapor No effect

Liquid No effect
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TAB•Z A-18

SURFACE CONDITIM OF SPSINENS EXPOSE) TO 1" NTOr ÷K O2

"FOR 30 DAYS AT AMBIENT TPATURE

Ferrous Specimens

304L Vapor Slight surface layer

Liquid Very slight surface layer

316 Vapor No effect

Liquid Slight surface layer and spotting

321 Vapor Slight surface layer and spotting
.Liquid No effect

AN 350 Vapor Very slight surface layer

Liquid Slight surface layer and spotting

40 Vapor Surface layer and spotting

Liquid Apparent surface layer

1018 Vapor Surface lasyer and spotting

Liquid Surface layer and spotting, apparent
residue on welded samp&e

Aluminum Spec imens
(Rerun of initial test)

THIS-50 Vapor Apparent passivation layer

Liquid Apparent passivation layer

[04 Vpr Thn pte peasivation layer

Liquid Thin, ispotted passivation layer

2024 Vapor Thin passivation layer
SLiquid Thin passivation layer

Liquid Thin paosivation layer

6061 Vapor Passiration layer

Liquid Thin passivation layer

7 Vapor f.sivatio. layer

-Liquid Thin possivation layer
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TABLE A-19

SWiFACE CONDITION OF SPWINMMS EXPOSE) TO MEY AND W"
NTO + MO2 FMO • YS AT 70 C

Alloy 1 ase Coments

Ferrous Specimens, Dry

340L Vapor Extremely thin surface layer

Liquid Extremely thin surface layer

316 Vapor Extremely thin surface layer

Liquid I Extremely thin surface layer

321 Vepor Very thin surface layer
Liquid Very thin, spotty artrface layer

AN 350 Vipor Very thin surface layer 1-
Liquid Very thin surface layer

440 Vapor Heavy, loose surface layer
SLiquid ',Spotted surface layer

1018 Vapor Spotted surface layer
Liquid Spotted surface layer

Ferrous Specimens, Wet

'304L Vapor Heavy, irregular surface layer

Liquid Fwavy, irregular surface layer

1316 Vapor Heavy, spotted surface layer

Liquid (rrazed surface layer

321 Vapor H,,.-y iurface layer

jLiquid Heavy, crazed surface layer
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TABLE A-19

(Continued)

Alloy Phase Comments

Ferrous Specimens, Wet

AM 350 Vapor Spotted surface layer

Liquid Heavy surface layer

440 Vapor Heavy, light colored surface layer

Liquid Heavy, spotted surface layer

1018 Vapor Spotted surface layer

Liquid Heavy spottei surface layer

The pasgivation layers on the aluminum specimens for both of the above

tests reacted and disappeared before photomicrographs could be taken.

Photogrnphs of these specimena can be seen in Yig. and
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TABLE A-20

SURFCE CONDITION OF SPECIMENS EXPOSED TO WET 14TO +FNO 2

FOR 30 DA T PSIENT TWEPERATURE

A)iy f Phase J Comments

Ferrous Specimens

304L Vapor Slight discoloring and surface layer

Liquid Slight discoluring and surface layer

316 Vapor Slight discoloring and spotty surface layer

Liquid Very slight discoloring and thin surface
layer

321 Vapor Slight discoloriug and spotty surface layer

Liquid Slight discoloring and spotty surface layer

AM 350 Vapor Slight surface layer and discoloring

Liquid Slight surface layer and discoloring

440 Vapor Apparent dark spotted surface layer

Liquid Apparent spotted surface layer

1018 Vapor Apparent spotted surface layer

Liquid Apparent sputted surface layer

Aluminum Specimens

TINS-50 Vapor Loose passivation layer

Liquid Loose passivation layer

2014 Vapor Apparent passivation ltyer

Liquid Apparent passivation layer

I.202. Vapor Thin passivation layer

Liquid Thin passivation iayer

6061 Vapor Loose passivation layer and crazed surface
Liquid Crazz! pasuiation layer

7075 Vapor Apparent passivation layer

j______ Liquid Crazed passiation layer

A-i47
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TABUL A-21

SURFACE CONDITION OF S.]CD.IM ,,POSEI TO DR OfO + 1F

FOR 30 DAYS AT AMBIENT TDWM TURE

Alloy jPhase I Coments

Ferrous Specimens

304 L Vapor Slight surface layer

Liquid Spotted surface layer

316 Vapor No effect

Liquid Spotting on slight surface layer

321 Vapor Slight surface layer

Liquid Spotting on @light surface layer

AM 350 Vapor Very slight spotting on alihbt surface

layer

Liquid Very slight s,,otting on surface layer

140 Vapor Spotted surface layer

Liquid Spotted surface layer; dense layer on
nonaelded specimen

1018 Vapor Apparent spotting on surface layer

Liquid Spotted surface layer

Aluminum SpecimensI8S-50 Vapor Spotted passivation layer

Liquid Spotted pesivation layer

2014 Vapor No effect

Liquid No effect

202'4 Vapor No effect

Liquid No effect

6061 Vapor Apparent surface crazing

Liquid Slight paseivation layer

7075 Vapor Slight passivation layer

Liquid Psasivation layer
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TABLE A-22

SMFACE CONDITION O• SPEIMIES EECPOSD) TO D13 U T0 + HF

FOR 30 DYS AT 70 C

Alloy Phase Coments

Ferrous Specimens

304L Vapor Spotted, very thin surface layer

Liquid Spotted, very thin surface layer

316 Vapor Spotted, thin surface layer

Liquid Spotted, thin surface layer

321 Vapor Slight spotting and very thin surface layer

Liquid Spotted, very thin surface layer

AM 353 V&por Very thin, spotty surface layer

Liquid No effect

4• 0 Vapor Extremely heavy flaking surface layer

Liquid Extremely heavy flaking surface layer

1018 Vapor Heavy, spotted, light colored surface layer

Liquid Spotted, light colored slaking surface
layer

Aluminum Specimens

TDIS-50 jVapor Very thin passivation layer

Liquid Very thin psisivation layer

201' Vapor I Thin passivatiou layer

Liquid Passivation layer

2024 Vapor Very thin paseivation layer

Liquid I Passivation layer

6061 Vapor Passivation layer

Liquid I Passivation layer

7075 Vapor Passivation layer

I__Liquid _ l _sivation layer

A-49/A-50
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APPENDix B

DATA ON EFFECTS OF FLOWING INTO UPON VALVES
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TABLE B-1

ANALYSIS OF DIHIBITED NITROGEN TETROXIDE

USED FOR M SED PROPELLANT VALVE

Original WeigP't Percent FN02 FN02

Propellant Water Content Before Test After Test

Dry ,•O 0.08 5 5

wet WTO 0.18 5 5
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TABLE B-2

PROOPELNT VALVES PRE- AND POST-FUNCTIONAL TDET

ro--Test Functional

______ ~~300 psi _ _ _ _ _

Poll-in Drop-out I Poll-in Drop-out PU
Tim Tim Current Current I

Valve 0 at 26 Volts, at 26 Volts, at 26 Volts, at 26 Volts, Leakage, at 2
No./Size Composition second second ampere ampere cc/mi

1/25 lb Mil-Spec 0.0031 0.0011 0.13 0.032 0 0
with

2/100 lb) Inhibitor 0.0166 0.0027 0.27 0.052 0 0

3/100 lb) Wet NTO 0.0158 0.0023 0.26 0.055 0 0
) with

4/25 lb ) Inhibitor 0.0042 0.0012 0.17 0.030 0

Post-Test Functional

1/25 lb Ni-Spec 0.0034 0.0012 0.138 0.032 <1 0
with

2/100 lb) Inhibitor 0.0165 0.0024 0.29 0.055 0

3/100 Ib) Wet NTO 0.016 0.0030 0.225 0.060 <1 0
with

4/25 lb ) Inhibitor 0.0044 0.0014 0.195 0.0.2 0 0

S _____ _________ __________ ___________. __________ ___________ _________



TABLI B-2

VALZY MR- P"D POST-FlI4CTIMIAL TUBTS

Pr*-Test Functional
0 psi ______

an Drop-out Pull-in Drop-out Pul l-in Drop-out
t Curreut Tim Time Current Current
its, at 26 Volts, Leakage, at 26 Volts, at 26 Volts, at 26 Volts, at 26 Volts,

anpre CC/min second second a&E aspere

0.032 0 0.0028 0.0014 0.095 0.022

0.052 0 0.0087 0.0035 0.136 0.032

0.055 0 0.0083 0.0031 0.135 0.036

0.030 0 0.0027 0.0013 0.10 0.030

Post-Test Functional

0.032 <1 0.0028 0.0014 0.095 0.025

0.055 0 0.00% 0.0040 0.135 0.035

0.060 <1 0.0082 0.0030 0.125 0.040

0.032 0 0.0030 0.0015 0.105 0.025
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TABLE B-3

DETAILEI VALVE DISASSEMBLY INSPETION DATA*

I-;
NO. 1, 25-POUN-THRWS VALVE

Seat

White crystalline material downstream of seat (fairly heavy deposit);
seat was clean (Fig. B-7).

Armature/Ball

Etched except for bne circular spot evidently where seated (Fig. &-8).
Film in evidence on armature and deposited in holes (Fig. &-9).
Film-coating on armature, very fine etch (Fig. s-10).

Bore

Pole face etched with slight deposit (Fig. B-11).

NO. 2, 100-POIMD-THRUMS VALVE

Seat

Comparatively clean; a few flakes of crystalline material; clean doWn-
stream; immediately upstream speckled with green crystalline deposit
(Fig. B,12).

Armnture/Sal I

Seat area bright and shiny, finish unaffected, other part of ball etched;
few crystals of white-green material on seated portion of ball (Fig. P-13).
Heavy buildup of deposit on wall, and armature would not drop out of
housing freely; the armature had to be pushed from the filter side to
remove from housing (Fig. B-1l%.

Heavy buildup of material on walls especially in area at upper portion

of sarwture voli (Fig. B-16); pole Voee has quite a bit of buildup also
(Fig. B-15).

OAlthough a buildup of material was visibly apparent on all serfaces exposed

to the prcpellant, no deterrent effect on .alI,: perforuance resulted (Table 3-2).

B-5



TABLE 5-3

(concluded)

NO. 39 1O0-PO'-i'MM VALVE

Close vith som crystalline material upetream very uniformly deposited
(Fig. 3-17).

Armature/B3l1

Tv. places indicating seating; one bright and hlrdly etched, the other
etched but not as much as the previous valve (Fig. 5-18). Crystalline
deposits all aro•and bell area and holes, possibly not as much as in
valve No. 2. Wall of armature has film uniformly deposited (Fig. 5-19).
Deposit not heavy, armature was easily removed from valve.

BDore

Wall bad heavy depsit at point where wall and armature meets bore
wall for about I/8to /A iach down. Area above very clean, not de-
posited (Fig. 3-20). Uniform light deposit or film over area of pole
face (Fig. a-.,).

NO. 4,, 25-PO- M-TIUMJST VALVE

Seat

Heavy deposit upstream and ou upper portion of seat. Seat had quite a
bit of salts deposited on downstream side (Fig. R--22).

Armsture lDall

Etched slightly except for area where ball seated, some salts around
bill (Fag. 1-23). Light film covering armature and speckled raised de-
posit on walls, boles, and around ball (Fig. 0-24,).

p Pole face had only slight film of deposit (Fig. B-25).

3-6
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1K65-9/,2ti/66-c i

Figure 9-12. 100-Pind-Thrust Valve Nc. 2, View 1
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FPigure 1-22. 25-Pin-Ttrvmt Valve N4o. ?s. View I
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Figure R-23. 25-Pomd-Tbrust Valv# No. 4. View 2
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I ;65-9/26/66-CIG

Figure B-25. 25-Pound-Thrust Volvo No. 4i, View 4
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